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1. Introduction 
The unique chemical, physical and mechanical properties of carbon nanotubes (CNTs) have 
stimulated extensive investigation since their discovery in the early 1990s (Iijima, 1991). The 
primary research interests focus on the development of simple and cost effective methods 
for the synthesis of CNTs. To synthesize single wall carbon nanotubes (SWCNT) and multi 
wall carbon nanotubes (MWCNT), various techniques have been developed. Examples are 
laser ablation, arc discharge, and chemical vapor deposition (CVD). However, CVD is 
considered to be more productive method to produce CNTs with acceptable price. 
Therefore, the extraordinary properties of CNTs and the continuous decrease in their price 
make them potentially useful in a wide range of applications like in catalysis, photocatalysis 
and adsorption. The adsorption properties of CNTs depend on different factors such as their 
large specific surface area, highly porous and hollow structure, light mass density and 
strong physical interaction ability.  
Recently, the applicability of CNTs as adsorbent has been extensively investigated. The 
applications of CNTs for the removal of pollutants from aqueous solutions have been 
studied. Numerous experimental studies have already been carried out on the adsorption of 
heavy metals and hazardous organic materials (Li, et al., 2002; Li, et al., 2003; Chen, et al., 
2006; Hyung and Kim, 2008; Goering, et al., 2008).  
For further enhancement the adsorption ability of CNTs, purification and activation or 
functionalization of CNTs is essential and can be performed via oxidation treatment (Cho, et 
al., 2010; Shao, et al., 2010). Purification is necessary to remove the impurities, like catalyst 
particles, soot, amorphous carbon and other forms, which are often found, mixed with 
CNTs. Impurities can reduce the adsorption by their coating on the surfaces of CNTs, and as 
a result influencing the adsorption on the external surface of the nanotubes (Agnihotri et al., 
2006). The enhancement in the adsorption ability of CNTs via oxidation treatment with 
oxidizing agent, such as nitric acid, hydrogen peroxide, potassium permanganate, or a 
mixture of nitric acid and sulfuric acid, is most probably ascribed due to an increase in 
hydrophilicity of CNTs. Oxidation treatment of CNTs results in creating new functional 
groups on the surface of nanotubes. 
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In recent years, metal oxides nanoparticles supported on carbon nanotubes have been 
extensively studied and found to be effective adsorbent for the removal of heavy metal ions 
and hazardous organic chemicals from water; and also as catalysts. The synthesis 
methodology of such materials will be discussed in the followed section. The discussion will 
highlight the synthesis process starting with activation or functionalization of CNTs as a 
preliminary step for the synthesis of such materials.  
2. Synthesis strategy 
The formation of carbon nanotubes/metal oxide (CNT/MO) composites is both of 
fundamental and technological interest since the composite combines the unique properties 
of CNTs and metal oxide nanoparticles, and in addition exhibit some new extraordinary 
properties caused by the interaction between them (Eder, D. , 2010); Chu, et al., 2010). Thus, 
a new class of nanocomposites can be made with extraordinary properties meeting a wide 
range of applications in different disciplines. For example, alumina is one of the most widely 
used ceramic materials because of its high hardness, good oxidation resistance and chemical 
stability. However, its applications are limited because of its low fracture toughness. CNTs 
have been widely used to reinforce and increase the fracture toughness of alumina owing to 
their unique one dimensional structure with robust mechanical and thermal properties 
(Chan, et al., 2005).  
Various approaches are used to synthesize CNT/MOs composites. This includes hot 
pressing of composite powder, pressureless sintering technique, direct in-situ growth, in 
situ CVD synthesis route, high-intensity ultrasonic radiation method, assembling pre-
synthesized metal oxide nanoparticels as building blocks on CNTs, spontaneous formation 
of metal oxide nanoparticels on CNTs, thermal decomposition of metal oxides precursor 
directly onto the surface of carbon nanotube, hydrothermal crystallization, sol–gel followed 
by spark plasma sintering process, surfactant wrapping sol–gel method, chemical 
precipitation and controlled heteroaggregation method (Liu et al., 2009; Zhang et al., 2010; 
Keshri et al., 2010; Datye et al., 2010; Zhen et al., 2007; Flahaut et al., 2000; Lupo et al., 2004; 
Gupta et al., 2011; Zhang et al., 2006; Gao et al., 2008; Chan et al., 2005; Yang et al., 2009; 
Estili and Kawasaki, 2008). 
Over all, the methods based on what is called wet chemistry are perhaps the most widely 
utilized methods in everyday chemistry. One of the most important reasons of their 
popularity is simplicity and cost comparing to others. However, in these methods, activation 
or functionalization of CNTs is a primary step that should be conducted before the synthesis 
and preparation of CNT/MO nanocomposite materials. Functionalization of CNTs plays an 
important role in facilitating the binding, embedding or loading nanoparticels on the surface 
of nanotubes since it introduces chemical functional groups to the surface of nanotubes. The 
successful in functionalization of the nanotubes is the first step to properly prepare the 
nanocomposite.  
2.1 Functionalization of CNTs 
Activation or functionalization of CNTs by oxidation treatment introduces chemical 
functional groups. It can be performed using oxidizing agents such as nitric acid, sulfuric 
acid, a mixture of sulfuric acid and nitric acid, potassium permanganate, sulfuric acid in 
presence of potassium permanganate, hydrogen peroxide in presence of nitric acid, 
hydrogen peroxide, ozone, an oxygen-based atmosphere by an inductively coupled plasma 
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or microwave energy and water (Cuentas-Gallegos et al., 2006; Wang et al., 2009; Smith et 
al., 2009; Lu et al., 2008; Otvos et al., 2006; Aviles et al., 2009; Haydar et al., 2000; Peng et al., 
2011; Ionescu et al., 2006; Hojati-Talemi & Simon, 2009). 
Treatment with different oxidizing agents might introduce different functional groups on 
the CNTs surface including alcoholic, carboxylic, aldehydic, ketonic, and esteric oxygenated 
functional groups, see Fig.1. Hydroxyl groups (b) on the edge of nanotube could be of 
phenolic character. Oxygen could be substituted for edge carbon atoms in xanthene- or 
ether-type (d). Carboxyl groups (a) might give carboxylic anhydrides (e) if they are close 
together. Also, carbonyl groups might condense to lactone groups (f) or form lactols (g) if 
they are in close to hydroxyl groups or carboxyl groups. The existence of carbonyl groups 
could be isolated (c) or arranged in quinone-like structure (h). The groups (a, b, e f, and g) 
have weak acidic character. The acidity of o-CNTs can be determined by acid-base titration 
method or Boehm titration (Boehm, 1994). 
 
 
Fig. 1. Possible structures of oxygen-containing groups on the carbon nanotube surface 
Synthesis of CNT/MO requires the nanotubes’ surface to have mainly alcoholic and 
carboxylic functional groups which can facilitate the binding of the nanoparticles into the 
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nanotubes. Over other methods, treatment of CNTs by nitric acid or mixtures of sulfuric 
acid and nitric acid have been expected to mainly graft carboxylic and alcoholic functional 
groups onto the CNTs surface (Martinez et al., 2003; Chiang et al., 2011). It is also worth 
mentioning that the contents of carboxylic and alcoholic groups increase with increasing 
oxidation time. 
The characterization of the presence of functional groups on the surface of nanotube and the 
efficiency of functionalization on nanotubes can be professionally carried out by various 
instruments like transmission electron microscope (TEM), field emission scanning electron 
microscope (FESEM), energy dispersive X-ray (EDX), Raman spectroscope, 
thermogravimeter (TGA), and fourier transformed infrared spectroscope (FT-IR) and X-ray 
photoelectron spectroscope (XPS). 
Morphology and structure of CNTs is characterized by TEM and FESEM. The impurities 
and defects such as carbonaceous materials, amorphous carbon coatings and catalyst 
particles are observed as black dots inside the body of nanotubes or on its surface. TEM 
provides sufficient resolution for the nanotubes’ length and diameter distribution; and 
opening of the ends of nanotubes. TEM and SEM can allow observing if damage to the 
surface of CNTs after chemical treatment has occurred and observing the presence of 
different materials around nanotubes, if any. EDX measurements are used for quantitative 
representation of the components in the CNTs sample. After oxidation process of CNTs, it is 
expected that EDX reflect more oxygen on the CNTs sample as a result of grafting new 
oxygen-containing functional groups.  
FT-IR is used to analyze the chemical bonding and type of functional groups grafted onto 
the nanotubes. The application of FTIR in the study of the surface chemistry of nanotubes 
can provide direct means to observe the interactions occurring at the surface during 
adsorption and to determine the structure of the adsorbed species. The FTIR spectra of 
oxidized CNTs (o-CNTs) exhibit various characteristic bands. Example of FTIR spectra of o-
MWCNTs is shown in Fig. 2. 
 
 
Fig. 2. FTIR spectra of MWCNT oxidized with mixtures of H2SO4/HNO3 at 100 0C.  
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The IR spectrum of o-MWCNTs, Fig. 2, shows absorption peak at 1715 cm−1 corresponding 
to the stretching vibration of C=O from the carboxylic groups (–COOH). The carbonyl 
characteristic peak is also observed at about 1636 cm-1 and can be assigned to the carbonyl 
group from quinine or ring structure. The broad peaks at 1180 cm−1 could be assigned to C–
O stretch from phenol or lactone groups; and also to C–C bonds. The band at 2910 cm-1 and 
2850 cm-1 corresponds to CH stretching. The peak at around 3400 cm−1 corresponds to OH 
stretching. This peak can be assigned to the hydroxylic group of moisture, alcohol, or 
carboxylic groups. The aromatic C=C stretch is observed at around 1580 cm−1 in spectra of 
both pristine CNTs and o-CNTs. 
XRD is used in order to ascertain the quality and crystalline nature of nanotubes as opposed 
to amorphous carbon materials. Fig. 3 shows the X-ray diffraction pattern of the o-
MWCNTs. The intensity counts versus two theta. The angle is between the incident and 
scattered beams. The pattern shows intense peak at 2θ = 25.9o corresponding to the (002) 
reflection. Compared to the normal graphite, 2θ = 26.5o, this peak shows a downward shift; 
which is attributed to an increase in the sp2, C=C layers spacing (Zhang et al., 2002). The 
other diffraction peaks, are at the angles 2θ of 42.7o, 43.9o, 53.5o and 77.5o and indexed to the 
(100), (101), (004) and (110) reflections. 
 
 
Fig. 3. XRD patterns of MWCNT oxidized with HNO3 at 120 0C  
Raman spectroscopy is frequently used to characterize CNTs. It reflects different 
characteristic spectra for sp3, sp2, and sp carbons, as well as for disordered sp2. Two bands is 
usually observed showing the characteristics of CNTs. The bands point the graphite band (G 
band), at about 1580 cm-1, and the disorder and defects of the structure, named D band, at 
around 1330 cm-1. The ratio between the intensity of D band and G bands (ID/G), is related to 
the degree of disorder of the CNTs. When oxidation treatment of CNTs is performed, these 
characteristic peaks should still be identified to indicate that the treatment process does not 
damage the nanotube structure. An increase of the ratio values (ID/G), of CNTs after 
oxidation treatment, ensures that the functional groups are covalently grafted with the 
CNTs. It indicates clearly that the oxidation treatments of CNTs breaks some of its bonds 
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and inserts new chemical bonds, interpreted as defects on the nanotube structure (Osorio et 
al., 2008).  
The TGA analysis of CNTs presents good indication of the functionality. o-CNTs starts 
decomposing earlier than the pristine-CNTs. The thermal stability of the pristine CNTs 
decreases with increasing oxidative functionalisation. The decrease of the initial burning 
temperature of the o-CNTs is closely related to the introduction of the defects and functional 
groups upon oxidation treatments. This is attributed to the earlier decomposition of the 
grafted carboxylic groups on the nanotubes. For example, the decomposition of the pristine-
MWCNTs occur (TGA under flowing nitrogen, temperature range of 90–860 °C, at rate of 15 
°C/min) at the onset temperature of 639 °C while of o-MWCNTs, it occurs at 627 °C 
(Okpalugo et al., 2005). 
The XPS survey scan of CNTs is used to reveal the chemical compositions of the uppermost 
surface of the nanotubes. The major peaks due to the C1s and O1s photoelectrons can be 
observed in the scan. For example, the change in the C1s and O1s can be monitored and the 
O/C atomic ratios can be calculated to indicate the degree of surface oxidation. General 
conclusion is that the higher the O/C ratio, the more the oxygen atoms are bound to the 
nanotubes in the oxidation treatment. In addition, XPS O1s peaks demonstrate additional 
information on the nature of the surface oxygen-containing groups including the 
contribution of chemisorbed H2O. 
2.2 Synthesis and characterization of carbon nanotube/metal oxides composites 
Carbon nanotubes/metal oxide (CNT/MO) composites can be prepared by various methods 
as mentioned earlier in this section. Here, the focus is on the wet chemistry methods where 
the CNTs act as nucleation sites for the metal oxides. In the first section, the synthesis of 
CNT/MO will be discussed. In the second section, the characterization of the CNT/MO 
nanocomposites using different characterization tools will be described with highlight on 
the interpretation of some experimental data. 
2.2.1 Synthesis of CNT/MO composites  
Generally, the o-CNTs are dispersed in an appropriate solvent like acetone, ethanol, 
propanol or n-methyl-2-pyrrolidone; untile well homogeneous suspension is formed. The 
dispersion can be achieved via sonication; some surfactants are used for dispersion. At the 
same, the precursor of the metal oxide is dissolved in a suitable solvent. Then, the latter is 
drop-wise added into the dispersed o-CNTs; and the mixture is sonicated for a while, then, 
magnetically stirred for some time. After that, the suspensions’ mixture is transferred into 
round-bottomed flask and refluxed at high temperature; say 120- 200 0C, in oil bath or hot 
plate, with magnetic stirring, for specific time depends on the type of metal oxide. After 
that, the system is allowed to cool naturally to room temperature. Then, the mixture is 
filtered and washed with suitable solvent like distilled water and ethanol several times. 
After that, the resulted composite is dried at 100 0C. Final step in the strategy of synthesis is 
the calcinations process of the composite at various temperatures and for different times. 
The end product consists of CNTs coated, or embedded with nano-sized metal oxide; see the 
visualization illustration in Fig. 4.  
The ratio of MO nanoparticels on CNTs is controlled by the initial concentrations and the 
type of the precursors of the metal ions. It is worth mentioning that the high ratio of MO 
would result in the agglomerating of the nanoparticles on the nanotubes. Additionally, the 
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Fig. 4. Illustration representation of the synthesis of Carbon nanotubes/metal oxide 
(CNT/MO) composites 
distribution of nanoparticels on the surface of the nanotubes is controlled by the synthesis 
treatment including the addition of the precursors into well dispersed o-CNTs, the extent of 
treatment oxidation of pristine CNTs. The nanoparticle size is controlled by the calcinations 
temperature and time. The rate of increasing the calcinations temperatures can also have an 
effect on the nanoparticle size. Controlling these parameters can yield a composite of 
uniformly dispersed metal oxide nanoparticels on the surface of the nanotubes.  
As illustrated in Fig. 5, the nanotube surface presents polar groups like hydroxyl or carboxyl 
groups which are able to interact with the oxygen of the metal oxide, like aluminum oxide. 
The interaction could be through hydrogen bonding, or the oxygen atoms of hydroxyl or 
carboxyl groups interact with aluminum atoms through the pair of electrons on the oxygen 
atoms. The formation of chemical bond is also possible.  
2.2.2 Characterization of CNT/MO composites  
Characterization of the as–prepared carbon nanotube/metal oxides (CNT/MO) 
nanocomposite is performed by means of different characterization tools like high 
resolution transmission electron microscope (HRTEM), field emission scanning electron 
microscope (FESEM), energy dispersive X-ray spectroscopy (EDX), thermogravimetric 
analysis (TGA), Raman spectroscope, UV–vis spectrometer and fourier transformed infrared 
spectroscope (FT-IR), X-ray photoelectron spectroscope (XPS) and photoluminescence (PL) 
technique; in addition to electrochemical techniques. The techniques are complementary.  
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Fig. 5. Structural representative of bossible ineraction between Al2O3 and carbon nanotube 
in MWCNT/Al2O3 nanocomposite.  
They can be used to investigate the chemical and physical properties of the nanocomposites. 
In the following paragraphs, the importance of each technique for the characterization of the 
composites will be highlighted with detailed examples of some experimental results.  
HRTEM image indicates the shape and distribution of nanparticles on the surface of the 
nanotubes. The average size and diameters of the nanparticles can also be determined from 
the TEM images. Particularly, TEM is employed to observe the loading state of the 
nanocomposites. Specifically, TEM images show the surface of the nanotubes coated, 
decorated or embedded with the nanoparticles. It might be also used to compare the 
surfaces o-CNTs with that of CNT/MO nanocomposite in term of the roughness and 
compact.  
SEM micrograph is used to investigate the surface morphology and the general 
morphological features of the prepared composites nanomaterials. It also reveals the 
uniformity of dispersion of the nanoparticles on the nanotubes. The average particle size can 
also be calculated. SEM image can be taken with low or high magnification. As an example, 
Fig. 6 presents the low magnification SEM to reflect the morphology of the CNT/alumina 
nanocomposite in which CNTs seem to be decorated with aluminum oxide nanomaterial. 
The EDX or EDS measurements are usually used to confirm the percentage, the atomic ratio, 
of components on the surface of the nanocomposites. It should be noticed that EDX 
spectrum is better to be measured for large surface area of the sample for better 
representation, in other words, lower errors. That means the SEM image from which EDX is 
measured could be in µm scale, as shown in the inset of Fig. 7. However, it is not expected to 
get the exact atomic ratio of the metal oxides since some oxygen contribution comes from 
the oxygen-containing functional groups, such as carbonyl or carboxyl groups, on the 
surface of CNTs.  
www.intechopen.com
Synthesis of Carbon Nanotube-Metal Oxides Composites;  
Adsorption and Photo-degradation 
 
303 
 
Fig. 6. Field emission scanning electron microscope (FESEM) of MWCNT/Al2O3 
nanocomposite 
 
 
Fig. 7. Energy dispersive X-ray (EDX) spectrum of the area indicated in the Inset: low 
magnification scanning electron microscope (SEM) of MWCNT/Al2O3 nanocomposite; Inset: 
Table presents the atomic ratio, percentage of the components in the nanocomposite. 
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Thermogravimetric analysis is used to confirm the presence of metal oxides particles in the 
nanocomposite. From TGA of CNT/MO nanocomposites, it is expected to have initial 
weight loss between 250 to 500 °C and can be attributed to condensation reactions of metal-
hydroxyl residual groups on the surface of the prepared nanocomposites materials (Amais 
et al., 2007).  
XPS analysis is also of important. In the C1s XPS spectra, the main peak is usually observed 
at 284.6 eV which is attributed to the C–C bonds. Additional peaks are observed at 285.8 eV, 
286.8 eV and 289.3 eV; and are assigned to C–O and C=O bonds; and COO groups (Jitianu et 
al., 2004). The shift of these peaks to higher binding energy could be indicative of binding of 
metal oxide to the nanotubes. 
The XRD patterns are used to characterize the crystalline structure of the CNT/MO 
nanocomposites. Comparing the XRD patterns of o-CNTs and CNT/MO nanocomposite, the 
characteristic peaks for o-CNTs at the positions of 25.9o and 43.9o, see Fig. 3, might disappear 
or become thinner in the XRD pattern of the nanocomposites. The reason is that these peaks in 
the nanocomposites are overlapped by the peaks of the metal oxide nanoparticles. For 
example, in the XRD pattern of MWCN/TiO2 composites, only anatase and brookite phases 
attributed to TiO2 have been observed. The possible explanation is that the main peak of 
nanotube at 25.9o is masked with the main peak of anatase TiO2 at 25.4o since their positions 
are so close. Additional is that the crystalline extent of carbon nanotube is lower than the 
crystalline extent of TiO2, leading to the shielding of the peaks of CNTs by those of TiO2 (Yu et 
al., 2005). Example is the XRD pattern, Fig. 8, of MWCNT/WO3 nanocomposite. In this pattern 
the diffraction peaks revealed the presence of hexagonal and orthorhombic tungsten oxide 
nanoparticles. Therefore, the presence of tungsten oxide nanoparticles peaks might lead to the 
mask the characteristic peak of the nanotubes at 2 θ equal to 25.8 degree.  
 
 
Fig. 8. XRD patterns of MWCNT/WO3 nanocomposite.  
Raman spectroscopy is a powerful characteristic technique that is employed to distinguish 
between the characteristic peaks of TiO2 and those of CNTs since peaks from each 
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components; nanotube and metal oxide are in most cases separated in frequency, and thus 
the phases are distinguishable. It is worth mentioning that to run samples on Raman, the 
energy power should be as low as possible to prevent the effect on the nanotube absorption 
and get good results. The energy power is preferably to be selected between 10 and 100 mW.  
 
 
Fig. 9. FTIR spectra of MWCNT/WO3 nanocomposite.  
Comparing the IR spectra of o-CNTs and the nanocomposite is of interest. The comparison 
should focus on two characteristic peaks. The first peak is the characteristic peak of the pure 
metal oxide nanoparticels, which is usually appear between around 400 and 700 cm-1 
depends on the type of metal oxide. For example this peak appear at 700 cm-1 in the IR 
spectrum of WO3 nanoparticles. The shift of this peak in the spectra of nanocomposite could 
be attributed to strong bond between the metal and the nanotube through oxygen-
containing group. The second peak is the band assigned to C=O stretching vibration. The 
shift of this peak toward lower wavenumber is an indication of the carboxylic ion binding 
between nanoparticles and the nanotube. Example is the IR spectrum of MWCNT/WO3 
nanocomposite , depicted in Fig. 9. This spectrum shows the shift of the peak of W-O 
covalent bond from 701cm-1 to 770cm-1. It also shows the shift of the band assigned to C=O 
stretching vibration from 1670 to 1606 cm-1, reader can compare Fig. 9 with Fig. 2.  
3. Applications of CNT/MO nanocomposites 
CNT/MO nanocomposites are new generation with interesting properties that not only 
combine the properties CNTs and MOx but also hold new properties caused by the 
interaction between them. In addition, combine these materials in a composite can overcome 
some disadvantages. For example, metal oxide nanoparticles have a tendency to 
agglomerate because of their dangling bonds. In the composite, dispersion of the 
nanoparticles on the surface of the nanotube prevents their agglomeration. It should be 
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noticed that the aggregation of nanotubes in aqueous media is solved by functionalization. 
As a result, the composites attractive wide applications compared with the isolated 
nanoparticles because CNTs act as carrier to stabilize the nanoparticles, maintaining their 
integrity. Examples of the fields of applications are water treatment, environment, catalysis 
and others. Examples of the nanocomposites that can be prepared are Ti2O3, ZnO, WO3, 
Fe2O3, SnO2, CeO2, Al2O3, ZrO2, SiO2, V2O4 and Er2O3 on CNTs. In the next section, we will 
discuss the application of the composites as adsorbents followed by the discussion of their 
applications to enhance catalytic activity in the second section. A mechanism will be 
discussed to explain the enhancement of the photocatalytic properties of the nanocomposite. 
3.1 Nanocomposites as sorbents 
The sorption applications of CNT/MO nanocomposites to tackle environmental pollution 
problems have received considerable attention. The nanocomposites provide chemically 
inert surfaces with high specific surface areas for physical adsorption. They have relatively 
uniform structure, providing more adsorption sites. 
For the application of the nanocomposite as sorbents in batch sorption experiments, different 
parameters need to be optimized, such as agitation speed, contact time and adsorbent dosage, 
pH of the aqueous media, initial concentration of the pollutant, effect of presence of other 
cations and anions in the media. Also, for the application of the nano-composite as adsorbents 
in fixed bed column experiments, different parameters need to be optimized, such as flow rate, 
the bed thickness and diameters, pH of the aqueous media, initial concentration of the 
pollutant, effect of the presence of other cations and anions in the media.  
For example, MWCNT/alumina nanocomposite has been reported to be an effective sorbent 
for the removal of lead ions from aqueous solution with pH range of 3-7. The efficiency of 
the nanocomposite has been tested in batch mode and fixed bed, column mode. It has been 
reported that by increasing agitation speed, contact time and adsorbent dosage the amount 
of the removal is increased. The percentage of lead removal increases by decreasing the flow 
rate and increasing the bed thickness (Gupta et al., 2011). CNT-iron oxides magnetic 
composites has been successfully applied as adsorbent for removal of different targets from 
water such as Pb(II), Cu(II) (Peng et al., 2005), Ni(II), Sr(II) (Chen et al., 2009b) and Cr(III) 
(Gupta et al., 2011). The incorporation of iron oxide magnetite with CNTs has been used for 
europium adsorption. This composite is potentially a promising to facilitate the separation 
and recovery of CNTs from solution with magnetic separation technique. The beauty of this 
method is that CNTs do not become another source of contamination (Chen et al., 2009a). 
Also, the magnetic MMWCNT nanocomposite has successfully utilized as an adsorbent for 
removal of cationic dyes from aqueous solutions (Gong et al., 2009). 
The adsorption ability of manganese oxide-coated carbon nanotubes has been utilized for 
the removal of lead(II) from aqueous solution. The effect of metal oxide nanoparticels 
loading level has been investigated. It has been reported that the adsorption capacity of 
Pb(II) increased with increasing MnO2 load because of the availability of more binding sites. 
The optimum reported load is 30 wt% (Wang et al., 2007).  
3.2 Nanocomposites as catalysts 
CNTs have been widely used to support and enhance the catalytic activity of metal oxides. 
CNT/WO3 nanocomposite has been utilized as catalysts for C6 olefin skeletal isomerization 
in different activation conditions. Comparing with tungstated zirconia, the nanocomposite 
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shows higher skeletal isomerization selectivity at 200 °C with higher conversion level 
without deactivation. The optimum load of WO3 on CNTs was reported to be 5% 
(Pietruszka et al., 2005). Such composite shows also higher photocatalytic activity 
comparing with WO3 nanoparticels. The composite has been applied for the degradation of 
dye. It could be concluded that doping WO3 into CNTs enhances the photocatalytic activity 
(Wang et al., 2008). 
Another comparison of the photocatalytic activity has been conducted between TiO2 and 
TiO2/CNTs composites for acetone degradation. It has been noticed that the presence of a 
small amount of CNTs can enhance photocatalytic activity of TiO2 (Yu et al., 2005). This is 
supported by another study in which photocatalytic activity of TiO2/SWCNT composite has 
been investigated degradation of organic dyes and 2,6-dinitro-p-cresol. High photocatalytic 
activity of the TiO2/SWCNT composite has been observed comparing with that of TiO2 
nanoparticles. This could be attributed to the synthetic effect of larger surface area, smaller 
crystalline size, and the formation of the chemical bond between TiO2 and the nanotube 
which improve interface contact (Zhou et al., 2010; Wang et al., 2009). It has been reported 
that the bond of carbon–oxygen–titanium can extend the light absorption to longer 
wavelengths and therefore potentially leading to the improvement of the photocatalytic 
activity (Woan et al., 2009). 
MWCNTs has been used to enhance the catalytic activity of zinc oxide for the acetaldehyde 
removal (Saleh et al., 2011) and cyanide degradation in aqueous media (Saleh et al., 2010) 
under UV irradiation. Zinc oxide nanoparticels are embedded on multiwall carbon 
nanotubes via thermal hydrolysis method. Great enhancement in photocatalytic activity has 
been recorded by the MWCNT/ZnO nanocomposite. 
3.2.1 Mechanism  
The enhancement in photocatalytic performance of the CNT/MO nanocomposites can be 
rationally explained in a mechanism based on two criteria. The first is adsorption ability of 
the nanotubes since the adsorption is a key process in the catalytic destruction of organic 
pollutants. While the second is the electron transfer from nanoparticels into the nanotubes, 
in other words the electron injection (Xu et al., 2010 & Martinez et al., 2011). In general, 
irradiation of metal oxide semiconductor with a photon of sufficient energy, greater or equal 
to band gap energy could promote an electron from valence band (VB) to conduction band 
(CB). The promoted electron leaves a vacancy in the valence band creating positive hole 
which can react with hydroxyl forming a powerful oxidant or a hydroxyl radical. The 
promoted electrons reduce dissolved oxygen to produce superoxide anion radical. The 
hydroxyl radical (OH) and superoxide anion radical (O2-) oxidize the target. 
CNTs can adsorb oxygen molecule on its surface thus the promoted electrons in CB might 
directly react with the adsorbed oxygen molecule and form superoxide anion radical. This 
will increase the number of radicals ready for reacting with the target. Also CNTs can 
adsorb the target which is considered to be the first step in the degradation since the pre-
adsorption of the target on the surface of catalyst particles is a prerequisite for efficient 
photo-degradation (Zhao et al., 1998).  
On the other hand, the strong interaction and formation of ester bonds between the metal 
and the nanotube leading in a close contact which offers an effective route of electron 
transfer from the CB in to the nanotube. This can reduce the recombination of photo-
generated electron-hole pairs. This conclusion is supported by the higher activity of the 
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CNT/MO composites and by being CNTs relatively good electron acceptors while 
semiconductors as good electron donor under illumination (Subramanian et al., 2004; Geng 
et al., 2008).  
4. Conclusion 
In this chapter we discuss the preparation of the new class of CNT/MO nanomaterials that 
offer great potential applications in different fields. The chapter has analyzed the 
methodology of functionalization and activation of the nanotubes as a first step for 
preparation of CNT/MO nanocomposites. The details of functional groups characterization 
have also been discussed. The synthesis of CNT/MO nanocomposites is detailed with the 
characterization interpretation. Some case-studies have been carried out referring to a 
realistic use of CNT/MO nanocomposites as adsorbents that have excellent adsorption 
ability for many kinds of pollutants like inorganic and organic compounds.  
The advantage is that CNTs provide large number of nucleation centers available on its 
surface for receiving the nanoparticles and preventing their agglomeration. This makes such 
material not only good in adsorption but also in enhancement of the catalytic activity. The 
reason given for the high catalytic performance is the optimum dispersion of MO on the 
CNTs. The mechanism of enhancing the photo-catalytic activity is discussed based on 
adsorption ability of the nanotube and the transfer of promoted electrons from metal oxide 
to CNT. The most important processing issue is the interfacial strength between the CNTs 
and the MO nanoparticles. 
Over the last years, much progress has been made in adsorption applications of CNT/MO 
nanocomposites. In spite of high costs, using CNTs as adsorbents may be advantageous in 
future owing to their high adsorption capacities. However, there are still much to do to 
enhance CNT/MO nanocomposites’ adsorption properties in future. Efforts in synthesis 
methods to develop a cost effective way of CNTs production are required. Investigations on 
CNT/MO nanocomposites on applications in adsorption and catalysis are recommended. 
5. Acknowledgment 
Authors acknowledge the support of King Fahd University of Petroleum and Minerals, 
(KFUPM) Dhahran, Saudi Arabia, for this work. 
6. References 
Agnihotri, S.; Mota, J. P. B.; Rostam-Abadi, M. & Rood, M. J. (2006). Adsorptionsiteanalysis 
of impurity embedded single-walled carbon nanotube bundles, Carbon 44: 2376–
2383. 
Amais, R. S.; Ribeiro, J. S.; Segatelli, M. G.; Yoshida, I. V.P.; Luccas, P. O. & Tarley C. R. T. 
(2007). Assessment of nanocomposite alumina supported on multi-wall carbon 
nanotubes as sorbent for on-line nickel preconcentration in water samples, 
Separation and Purification Technology 58: 122–128 
Aviles, F.; Cauich-Rodríguez, J. V.; Moo-Tah, L.; May-Pat, A. & Vargas-Coronado, R. (2009). 
Evaluation of mild acid oxidation treatments for MWCNT functionalization, 
Carbon 47: 2970–2975. 
www.intechopen.com
Synthesis of Carbon Nanotube-Metal Oxides Composites;  
Adsorption and Photo-degradation 
 
309 
Boehm, H. P. (1994). Some aspects of the surface chemistry of carbon blacks and other 
carbons. Carbon 32: 759–69. 
Chan, B. M., Cha, S. I.; Kim, K. T., Lee, K. H. & Hong, S. H. (2005). Fabrication of carbon 
nanotube reinforced alumina matrix nanocomposite by sol–gel process, Materials 
Science and Engineering A 395: 124–128 
Chen, C. L.; Wang, X. K. & Nagatsu, M., (2009a). Europium Adsorption on Multiwall 
Carbon Nanotube/Iron Oxide Magnetic Composite in the Presence of Polyacrylic 
Acid, Environ. Sci. Technol. 2009, 43, 2362–2367 
Chen, C., Jun Hu, Dadong Shao, Jiaxing Li, XiangkeWang, (2009b). Adsorption behavior of 
multiwall carbon nanotube/iron oxide magnetic composites for Ni(II) and Sr(II), 
Journal of Hazardous Materials 164 923–928 
Chen, C.L.; Wang, X.K. (2006). Adsorption of Ni(II) from aqueous solution using oxidized 
multiwall carbon nanotubes, Ind. Eng. Chem. Res. 45: 9144–9149. 
Chiang, Y.; Lin, W. H. & Chang, Y. C. (2011). The influence of treatment duration on multi-
walled carbon nanotubes functionalized by H2SO4/HNO3 oxidation, Applied 
Surface Science 257 2401–2410 
Cho, H. H.; Wepasnick, K.; Smith, B.A.; Bangash, F.K.; Fairbrother, D.H. & Ball W.P. (2010). 
Sorption of aqueous Zn[II] and Cd[II] by multiwall carbon nanotubes: the relative 
roles of oxygen-containing functional groups and graphenic carbon, Langmuir 26: 
967–981. 
Chu, H.; Wei, L.; Cui, R.; Wang, J. & Li, Y. (2010). Carbon nanotubes combined with 
inorganic nanomaterials: Preparations and applications. Coord Chem Rev 2010, 
254: 1117-1120. 
Cuentas-Gallegos, A.K.; Martínez-Rosales, R.; Rincón, M.E.; Hirata, G.A. & Orozco, G. 
(2006). Design of hybrid materials based on carbon nanotubes and 
polyoxometalates, Opt. Mater. 29: 126–133. 
Datye, A.; Wu, K. H.; Gomes, G.; Monroy, V.; Lin, H.T.; Jozef, V. & Vanmeensel, K. (2010). 
Synthesis, microstructure and mechanical properties of Yttria Stabilized Zirconia 
(3YTZP) – Multi-Walled Nanotube (MWNTs) nanocomposite by direct in-situ 
growth of MWNTs on Zirconia particles, Composites Science and Technology 70: 
2086–2092 
Eder, D. (2010). Carbon Nanotube-Inorganic Hybrids. Chem Rev. 110: 1348-1352. 
Estili, M. & Kawasaki, A. (2008). An approach to mass-producing individually alumina-
decorated multi-walled carbon nanotubes with optimized and controlled 
compositions, Scripta Materialia 58: 906–909 
Flahaut, E.; Peigney, A.; Laurent, C.; MarlieRe, C.; Chastel, F. & Rousset, A. (2000). Carbon 
nanotube–metal–oxide nanocomposites: microstructure, electrical conductivity and 
mechanical properties, Acta Mater. 48: 3803–3812 
Gao, B.; Peng, C.; Chen, G. Z. & Puma, G.L. (2008). Photo-electro-catalysis enhancement on 
carbon nanotubes/titanium dioxide (CNTs/TiO2) composite prepared by a novel 
surfactant wrapping sol–gel method, Applied Catalysis B: Environmental, 85: 17–23 
Geng, Q.; Guo, Q.; Cao, C. & Wang, L. (2008). Investigation into NanoTiO2/ACSPCR for 
Decomposition of Aqueous Hydroquinone, Ind. Eng. Chem. Res. 47: 2561-2568 
Goering, J.; Kadossov, E. & Burghaus, U. (2008). Adsorption kinetics of alcohols on single 
wall carbon nanotubes: an ultra high vacuum surface chemistry study, J. Phys. 
Chem. C 112: 10114–10124. 
www.intechopen.com
 Carbon Nanotubes - From Research to Applications 
 
310 
Gong, J. L.; Wang, B.; Zeng, G.; Yang, C.; Niu, C.; Niu, C.; Zhou, W. & Liang, Y. (2009). 
Removal of cationic dyes from aqueous solution using magnetic multi-wall carbon 
nanotube nanocomposite as adsorbent, Journal of Hazardous Materials 164: 1517–
1522 
Gupta, V.K.; Agarwal, S. & Saleh, T. A. (2011). Synthesis and characterization of alumina-
coated carbon nanotubes and their application for lead removal, Journal of 
Hazardous Materials 185: 17–23 
Gupta, V.K.; Agarwal, S. & Saleh, T. A. (2011). Chromium removal by combining the 
magnetic properties of iron oxide with adsorption properties of carbon nanotubes, 
Water Research 45: 2207-2212 
Haydar, S.; Moreno-Castilla, C.; Ferro-García, M.A.; Carrasco-Marín, F.; Rivera-Utrilla, J.; 
Perrard, A. & Joly, J.P. (2009). Regularities in the temperature-programmed 
desorption spectra of CO2 and CO from activated carbons, Carbon 38 (2000) 1297–
1308. 
Hojati-Talemi, P.; Simon, G. (2009) Microwave-based treatments for multi-walled carbon 
nanotubes, , Phys. Status Solidi C 6, 10: 2170–2173  
Hyung, H. & Kim, J.H., (2008). Natural organic matter (NOM) adsorption to multi-walled 
carbon nanotubes: effect of NOM characteristics and water quality parameters, 
Environ. Sci. Technol. 42: 4416–4421. 
Iijima, S. (1991). Helical Microtubules of Graphitic Carbon, Nature 354: 56-58 
Ionescu, R.; Espinosa, E.H.; Sotter, E.; Llobet, E.; Vilanova, X.; Correig, X.; Felten, A.; 
Bittencourt, C.; Van Lier, G.; Charlier, J. C. & Pireaux J. J. (2006). Oxygen 
functionalisation of MWNT and their use as gas sensitive thick-film layers, Sensors 
and Actuators B 113 36–46 
Jitianu, A.; Cacciaguerra, T.; Benoit, R.; Delpeux, S.; Beguin, F. & Bonnamy, S., (2004). 
Synthesis and characterization of carbon nanotubes–TiO2 nanocomposites, Carbon 
42: 1147–1151 
Keshri, A. K.; Huang, J.; Singh, V.; Choi, W.; Seal, S. & Agarwal, A. (2010). Synthesis of 
aluminum oxide coating with carbon nanotube reinforcement produced by 
chemical vapor deposition for improved fracture and wear resistance, Carbon 48: 
431–442. 
Li, Y. H.; Ding, J.; Luan, Z. K.; Di, Z.C.; Zhu, Y.F.; Xu, C. L.; Wu, D.H. & Wei, B.Q. (2003) 
Competitive adsorption of Pb2+, Cu2+ and Cd2+ ions from aqueous solutions by 
multiwalled carbon nanotubes, Carbon 41 2787–2792. 
Li, Y. H.; Wang, S. G.; Wei, J.Q.; Zhang, X. F.; Xu, C. L.; Luan, Z. K.; Wu, D. H. & Wei, B. Q. 
(2002) Lead adsorption on carbon nanotubes, Chem. Phys. Lett. 357 263–266. 
Liu, X.; Huber, T. A.; Kopac, M. C. & Pickup, P. G. (2009). Ru oxide/carbon nanotube 
composites for supercapacitors prepared by spontaneous reduction of Ru(VI) and 
Ru(VII), Electrochimica Acta 54 (2009) 7141–7147 
Lu, C. & Chiu, H. (2008). Chemical modification of multiwalled carbon nanotubes for 
sorption of Zn2+ from aqueous solution, Chem. Eng. J. 139 (2008) 462–468. 
Lupo, F.; Kamalakaran, R.; Scheu, C.; Grobert, N. & Ruhle, M. (2004). Microstructural 
investigations on zirconium oxide–carbon nanotube composites synthesized by 
hydrothermal crystallization, Carbon 42 (2004) 1995–1999 
Martinez, M. T.; Callejas, M. A.; Benito, A.M.; Cochet, M.; Seeger, T.; Anson, A.; Schreiber, J.; 
Gordon, C.; Marhic, C.; Chauvet, O.; Fierro, J.L.G. & Maser, W.K. (2003). Sensitivity 
www.intechopen.com
Synthesis of Carbon Nanotube-Metal Oxides Composites;  
Adsorption and Photo-degradation 
 
311 
of single wall carbon nanotubes to oxidative processing: structural modification, 
intercalation and functionalisation, Carbon 41: 2247–2256.  
Martinez, C.; Canle, M. L.; Fernandez, M. I.; Santaballa, J. A. & Faria, J.; (2011). Kinetics and 
mechanism of aqueous degradation of carbamazepine by heterogeneous 
photocatalysis using nanocrystalline TiO2, ZnO and multi-walled carbon nanotubes 
– anatase composites, Applied Catalysis B: Environmental 102: 563–571  
Okpalugo, T. I. T.; Papakonstantinou, P.; Murphy, H.; Mclaughlin, J. & Brown, N. M. D. 
(2005). Oxidative functionalization of carbon nanotubes in atmospheric pressure 
filamentary dielectric barrier discharge (APDBD), Carbon 43: 2951–2959  
Osorio, A. G.; Silveira, I. C. L.; Bueno, V. L. & Bergmann, C.P. (2008). H2SO4/HNO3/HCl 
Functionalization and its effect on dispersion of carbon nanotubes in aqueous 
media, Applied Surface Science 255 2485–2489 
Otvos, Z.; Onyestyák, G.; Hance, A.; Kiricsi, I. & Rees, L.V.C. (2006). Surface oxygen 
complexes as governors of neopentane sorption in multiwalled carbon nanotubes, 
Carbon 44: 1665–1672. 
Peng, K.; Liu, L.Q.; Li, H.; Meyer, H. & Zhang, Z. (2011). Room temperature 
functionalization of carbon nanotubes using an ozone/water vapor mixture, 
Carbon 49: 70–76 
Peng, X.; Luan, Z.; Di, Z.; Zhang, Z. & Zhu, C. (2005). Carbon nanotubes-iron oxides 
magnetic composites as adsorbent for removal of Pb(II) and Cu(II) from water, 
Carbon 43: 855–894 
Pietruszka, B.; Gregorio, F. D.; Keller, N. & Keller, V. (2005). High-efficiency WO3/carbon 
nanotubes for olefin skeletal isomerization, Catalysis Today 102–103: 94–100 
Saleh, T. A.; Gondal, M.A. & Drmosh, Q.A., (2010). Preparation of a MWCNT/ZnO 
nanocomposite and its photocatalytic activity for the removal of cyanide from 
water using a laser, Nanotechnology 21 (49), 8: doi:10.1088/0957-
4484/21/49/495705  
Saleh, T. A.; Gondal, M. A.; Drmosh, Q.A.; Z Yamani, .H. A. & AL-yamani, A. (2011) 
Enhancement in photocatalytic activity for acetaldehyde removal by embedding 
ZnO nano particles on multiwall carbon nanotubes, Chemical Engineering Journal, 
166(1), 407-412  
Shao, D. D.; Ren, X. M.; Hu, J.; Chen, Y.X. & Wang, X. K. (2010). Preconcentration of Pb2+ 
from aqueous solution using poly(acrylamide) and poly(N,N-dimethylacrylamide) 
grafted multi walled carbon nanotubes, Colloids Surf. A 360: 74–84. 
Smith, B.; Wepasnick, K.; Schrote, K. E.; Cho, H. H.; Ball, W. P.; Howard Fairbrother, D. 
(2009). Influence of Surface Oxides on the Colloidal Stability of Multi-Walled 
Carbon Nanotubes: A Structure-Property Relationship, Langmuir 25: 9767–9776 
Subramanian, V.; Wolf, E.; Kamat, P. V. (2004). Catalysis with TiO2/Gold Nanocomposites. 
Effect of Metal Particle Size on the Fermi Level Equilibration, J. AM. CHEM. SOC. 
126: 4943-4950 
Wang, H.; Wang, H. & Jiang, W. (2009). Solar photocatalytic degradation of 2,6-dinitro-p-
cresol (DNPC) using multi-walled carbon nanotubes (MWCNTs)–TiO2 composite 
photocatalysts, Chemosphere 75: 1105–1111 
Wang, S.; Shi, X.; Shao, G.; Duan, X.; Yang, X. & Wang, X. (2008). Preparation, 
characterization and photocatalytic activity of multi-walled carbon nanotube-
www.intechopen.com
 Carbon Nanotubes - From Research to Applications 
 
312 
supported tungsten trioxide composites, Journal of Physics and Chemistry of Solids 
69: 2396– 2400 
Wang, S.G.; Gong, W.; Liu, W.; Yao, Y.; Gao, B. & Yue, Q. (2007). Removal of lead(II) from 
aqueous solution by adsorption onto manganese oxide-coated carbon nanotubes, 
Separation and Purification Technology 58: 17–23 
Woan, K.; Pyrgiotakis, G. & Sigmund, W. (2009). Photocatalytic Carbon-Nanotube–TiO2 
Composites, Adv. Mater. 21: 2233–2239 
Xu, Y. J.; Zhuang, Y. & Fu, X. (2010). New Insight for Enhanced Photocatalytic Activity of 
TiO2 by Doping Carbon Nanotubes: ACase Study on Degradation of Benzene and 
Methyl Orange, J. Phys. Chem. C 114: 2669–2676 
Yang, Q.; Deng, Y. & Hu, W. (2009). Preparation of alumina/carbon nanotubes composites 
by chemical precipitation, Ceramics International, 35: 1305-1310 
Yu, Y.; Yu, J. C.; Yu, J. G.; Kwok, Y.C.; Che, Y.K.; Zhao, J.C.; Ding, L; Ge, W.K. & Wong, P.K. 
(2005). Enhancement of photocatalytic activity of mesoporous TiO2 by using carbon 
nanotubes, Applied Catalysis A: General 289: 186–196 
Zhang, D.; Shi, L.; Fu, H. & Fang, J. (2006). Ultrasonic-assisted preparation of carbon 
nanotube/cerium oxide composites, Carbon 44: 2849–2867 
Zhang, H. B.; Lin, G. D.; Zhou, Z. H.; Dong, X.; Chen, T. (2002). Raman spectra of MWCNTs 
and MWCNT-based H2 adsorbing system, Carbon 40: 2429-2436.  
Zhang, S. C.; Fahrenholtz, W. G.; Hilmas, G.E. & Yadlowsky, E. J. (2010). Pressureless 
sintering of carbon nanotube–Al2O3 composites, Journal of the European Ceramic 
Society 30 1373–1380 
Zhao, J.; Wu, T.; Wu, K.; Oikawa, K.; Hidaka, H. &Serpone, N. (1998). Photoassisted 
Degradation of DyePollutants. 3. Degradation of the Cationic Dye Rhodamine B in 
Aqueous Anionic Surfactant/TiO2 Dispersions under Visible Light Irradiation: 
Evidence for the Need of Substrate Adsorption on TiO2 Particles, Environ. Sci. 
Technol., 32: 2394–2400 
Zhen, F.; Kunzai, J.C.; Cui, F. S.; Xu, Y. & Kuang, Y. (2007). Preparation and capacitive 
properties of cobalt–nickel oxides/carbon nanotube composites, Electrochimica 
Acta 52: 2959–2965 
Zhou, W.; Pan, K.; Qu, Y.; Sun, F.; Tian, C.; Ren, Z.; Tian, G. & Fu, H. (2010). 
Photodegradation of organic contamination in wastewaters by bonding 
TiO2/single-walled carbon nanotube composites with enhanced photocatalytic 
activity Chemosphere 81: 555–561 
www.intechopen.com
Carbon Nanotubes - From Research to Applications
Edited by Dr. Stefano Bianco
ISBN 978-953-307-500-6
Hard cover, 358 pages
Publisher InTech
Published online 20, July, 2011
Published in print edition July, 2011
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
Since their discovery in 1991, carbon nanotubes have been considered as one of the most promising materials
for a wide range of applications, in virtue of their outstanding properties. During the last two decades, both
single-walled and multi-walled CNTs probably represented the hottest research topic concerning materials
science, equally from a fundamental and from an applicative point of view. There is a prevailing opinion among
the research community that CNTs are now ready for application in everyday world. This book provides an
(obviously not exhaustive) overview on some of the amazing possible applications of CNT-based materials in
the near future.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Vinod Gupta and Tawfik A. Saleh (2011). Syntheses of Carbon Nanotube-Metal Oxides Composites;
Adsorption and Photo-degradation, Carbon Nanotubes - From Research to Applications, Dr. Stefano Bianco
(Ed.), ISBN: 978-953-307-500-6, InTech, Available from: http://www.intechopen.com/books/carbon-nanotubes-
from-research-to-applications/syntheses-of-carbon-nanotube-metal-oxides-composites-adsorption-and-photo-
degradation
© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and
derivative works building on this content are distributed under the same
license.
